ABSTRACT
2 lightweight, low-operating temperature, solid electrolyte, long cell and stack life, low corrosion, and high efficiencies [1] . However, important difficulties remain unsolved and a lot of research is being done in order to make the technology ready to implementation and commercialisation [2] .
The operating conditions for PEMFC have been described in the literature [3] . However, a comparison of the system controllability at different operating points is not found. A PEMFC can deliver the same amount of net power at different operating conditions. In order to chose the appropriate operating point, control aspects have to be taken into account, as well as efficiency aspects. Some works address the control of PEMFC [4] [5] [6] , but only the efficiency is considered to determine the operating conditions. The objective of this work is to compare the controllability of a PEMFC operated at different operating conditions. The performance of the control system is evaluated implementing a diagonal structure with PI controllers in the control loops.
THE MODEL
In their study of the PEMFC flow dynamics, Pukrushpan et al. presented a control oriented model for an automotive application which has been the base for the model used in this work [7] . The transient phenomena captured in the model include the flow and inertia dynamics of the compressor, the manifold filling dynamics (both anode and cathode), reactant partial pressures, and membrane humidity. On the other hand, the model neglects the extremely fast electrochemical and electrical dynamics, and temperature is treated as a constant parameter because its slow behavior (time constant of 10 2 sec) allows it to be regulated by its own controller. A constant cell temperature of 80 ºC is assumed. Membrane hydration captures the effect of water transport across the membrane. Water transport is due to drag and diffusion effects. Both water content and mass flow are assumed to be uniform over the surface area of the membrane.
Stack voltage is calculated as a function of stack current, cathode pressure, reactant partial pressures, fuel cell temperature, and membrane water content.
The air entering the cathode is impelled by a compressor the model of which consists of a dynamic part and a static part read from an experimental compressor map. The modelled compressor has the angular velocity limited 3 to 100 kRPM, the exit flow limited to 0.1 kg/sec, and the pressure ratio limited to 4. The power consumed by the compressor is the only parasitic power taken into account. The net power is therefore calculated as the electric power given by the fuel cell minus the power consumed by the compressor. Cooler and humidifier are also included. It is assumed that a static humidifier supplies the air with the desired relative humidity before entering the stack.
At the anode side, entering hydrogen comes from a pressurized tank and the hydrogen flow is assumed to be a manipulated input variable.
Only one modification is introduced, which is the introduction of an anode exit flow. This exit is necessary to control the hydrogen pressure along the flow channels and to improve the power demand transient responses [2] .
Some of the indexes used for the linear analysis depend on the model scaling. One of the controlled outputs is the difference of pressure between anode and cathode, Δp. It has been scaled with a variation of 0.1 bar. To scale the rest of the input and output variables, a maximum variation of 10% has been assumed. Hence, the scaled variables are the non-scaled increments divided by the maximum increments.
SIMULINK linearisation tools have been used to obtain the state space matrices of the system at the studied operating points.
OPERATING CONDITIONS
This work is based on the analysis of a set of selected operating points. Their operating conditions are summarized in Table 1 . In Figure 1 , the operating points are located on the curves of net power versus stoichiometry at different current values. In a fuel cell, a certain amount of net power can be obtained at different currents. OP1 to OP5 deliver the same net power (P net =37400 W), and the same happens with OP6 to OP8, with P net =30000 W. OP1 and OP7 have the minimum amount of current for which P net of 37400 W and 30000 W can be respectively obtained. For example, it is not possible to obtain 37400 W of net power with a current lower than 175 A, at any pressure or stoichiometry. These operating points are specially interesting because minimum current corresponds to the minimum hydrogen consumption if the hydrogen that does not react is assumed to be recycled. Looking at the different curves of Figure 1 , it can be seen that P net increases when λ O2 increases for small λ O2 , but this trend changes from a certain λ O2 value. This is because when λ O2 is high, to increase λ O2 requires a compressor power increase larger than the electric power increase obtained from the fuel cell.
Therefore, operating points with the same net power and current are possible (i.e. OP2 and OP3, or OP7 and OP8). It will be interesting to compare these two operating conditions with different stoichiometries that deliver 4 the same net power with the same hydrogen consumption.
CONTROL OBJECTIVES
In this work, the stack current is considered a disturbance and there is a desired stack voltage which depends on the required power. Therefore, the first control objective is to maintain v st to the setpoint value. On the other hand, in order to prevent membrane damage, the difference in pressure between anode and cathode Δp needs to be small [8] . A small Δp will favour the membrane life time, and thus, the second control objective is to maintain
Δp close to zero.
For certain applications, the required power is constant and there is a unique voltage setpoint. The selection of this setpoint (selection of operating conditions) is the main issue concerning this work. However, if the range of required power is large, different setpoint voltages will be necessary (even a desired operating curve), and what are the appropriate operating conditions will be questioned at every power level.
STRUCTURE OF THE CONTROL SYSTEM
The control structure analysed in this work consists of a decentralised PI based controller. Two output variables are controlled using two of the input manipulated variables giving a 2×2 control problem. [4, 5, 6] and what is recommended after a controllability analysis by Serra et al. [9] .
TUNING OF PI CONTROLLERS
In order to compare the behaviour of the proposed control structure at different operating points, it is important to employ the same tuning methodology. In this section, a tuning methodology is proposed.
For the first loop, the control of v st , Ziegler-Nichols tuning rules can be applied [10] . However, they are not appropriate for the second loop, the control of Δp, because they provoke sudden changes in pressure that could damage the membrane. The tuning method used for the second loop introduces a parameter that has been used to Applying this tuning methodology to OP1, OP2, OP3, and OP5, the tuning parameters indicated in Table 2 are obtained.
LINEAR ANALYSIS
MIMO linear systems can be analysed using different analysis tools. These tools are mathematic operators applied to the transfer functions of the linear system. Some of them are applied to the process (without control) and characterise the controllability of the system as a property of the process itself. Others are applied to the controlled system and depend on the control structure and tuning. In this work, the following indexes and matrixes are considered in order to study the performance and controllability of the system: the Morari Resiliency . The criterion require that the maximum value of its maximum singular value is small for robust stability. This maximum peak criterion can be insufficient for MIMO systems for which advanced tools considering uncertainty descriptions (μ-analysis) are needed. However, to have an idea of the stability robustness, this analysis can be useful.
The frequency range of interest is given by the bandwidth frequency, normally defined as the frequency up to which control is effective [13] . It is assumed that the bandwidth will not be larger than 10 3 rad/s. In Figures 2, 3 and 4, the MRI, CN and RGA(1,1) of the 2X2 system are plotted. The three controllability indexes indicate the same trends: comparing OP1, OP2, OP4, and OP5, the controllability improves when the current increases. OP5
has the highest MRI, the lowest CN and the RGA closest to 1, followed by OP4, OP2, and OP1. Comparing these operating points with OP3, results indicate the poorest controllability at OP3. It can be seen that differences remain important all long the analysed frequency range.
If the analysis is repeated at a different P net level, 30000W, similar results are found: OP7 has better controllability than OP6, and OP8 has the poorest controllability of the three.
The sensitivity function, S, and the complementary sensitivity function, T, are also calculated for the controlled system at OP1, OP2, OP4, and OP5 using the tuning parameters indicated in Table 2 . The maximum and minimum singular values of these matrixes are shown in Figures 5 and 6 . Similar conclusions can be deduced from both Figures: the controlled system is faster at OP5, and the peaks are lower for OP5, indicating better performance and robust stability. Therefore, from a control point of view, OP5 is the best, followed by OP4, OP2, and OP1.
SIMULATION RESULTS
In order to take into account the influence of the nonlinearities, different simulations are done with the non-linear model. Figures 7 to 14 show the behaviour of the controlled system in front of current and voltage setpoint step changes. Simulations are done around OP1 and OP5. All the combinations of 0 and ±10% increments in I st and v st setpoint are applied, covering eight equidistant directions of the bidimensional space defined by these two inputs.
The dashed lines correspond to the ±10% current increments. Figures 7, 9 , 11, and 13 correspond to operation around OP1, and Figures 8, 10 , 12, and 14 correspond to operation around OP2.
One first general result is that at OP2 the system responds in a more regular manner in all directions. This 7 confirms a lower system directionality at OP2. Comparing Figures 7 and 8 , while similar v st peaks are found, a faster control is obtained at OP2. The worst oscillations are found at OP1. Looking at Δp, peaks are larger at OP1.
In Figures 11 and 12 , it can be seen that v cm has much larger increments and oscillations around OP1. Finally, in
Figures 13 and 14 a better behaviour is found around OP2 as well, with faster response, smaller peaks, and less oscillations.
To analyse the controlled system behaviour in front of larger disturbances around OP1 and OP2, current steps of -24% and +30% (corresponding to ±20% of net power) have been applied. Simulations show a similar behaviour of v st and Δp at the two operating points, but both v cm and W an,in have larger peaks at OP1.
Therefore, simulation results agree with the linear analysis that the analysed fuel cell system has better control properties at OP2. Moreover, for the analysed variables and within the scope of this work, it can be said that the performance of the proposed control system around OP2 is satisfactory.
CONCLUSIONS
Using three different controllability indexes (the MRI, the CN, and the RGA) to compare the controllability of a PEMFC at different operating points, it has been found that the higher the efficiency, the lower the controllability. Having done the comparative analysis at different net power levels, it can be said that the conclusion is valid in a wide operating range. When comparing operating points with the same current and net power, but different output voltage, the operating points with higher stoichiometry have the worst controllability.
Also, some performance tools (the sensitivity function S and T) indicate that it is easier to control the system when it is operated at the operating point with lower efficiency. Finally, some simulations are done, which show the same trend. Therefore, comparing the controllability and performance of a controlled PEMFC at different operating conditions, it has been found that there is a trade-off between controllability and efficiency within a wide operating region. In this work a diagonal control structure for a PEMFC is analysed. PI controllers are implemented in the control loops and a tuning procedure has been proposed. For the analysed variables and within the scope of this work, it can be said that the performance of the proposed control system around OP2 is satisfactory. The size of the compressor appears to have a key influence over the controllability of the system at different operating points. 
